Boronic acids play an important role in the design and synthesis of chemosensors for carbohydrates due to their ability to reversibly bind with diol-containing compounds. In this regard, the availability of boronic acids that change fl uorescence upon sugar binding is crucial for a successful sensor design endeavor. Herein, we report two boronic acids that show strong fl uorescent intensity changes upon sugar binding: isoquinoline-7-boronic acid (7-IQBA) and phenoxathiin-4-boronic acid (4-POBA).
Introduction
Boronic acid can form tight complexes with compounds that contain two adjacent nucleophiles, such as diols Wang , 2001, 2002 ; Yan et al. , 2004 ) , α -hydroxyacids (Gray and Houston , 2002 ) , α -amino acids (Smith et al. , 1998 ) , and amino alcohols (James and Shinkai , 2002 ; Yan et al. , 2005 ; Jin et al. , 2010 ) . Among all of these interactions, diols are the most extensively studied. Several research groups have devoted much effort to the development of boronic acid-based fl uorescent sensors for carbohydrates (James and Shinkai , 2002 ; Jiang et al. , 2006 ; Edwards et al. , 2007 ) . Our laboratory has an interest in the development of boronic acid-based sensors for carbohydrate biomarkers for diagnostic and therapeutic applications (Yang et al. , 2002 (Yang et al. , , 2004 . In the development of sensors for carbohydrates, reporter compounds that exhibit fl uorescent intensity changes are important building blocks (Cao and Heagy , 2004 ; Jin et al. , 2010 ) . Herein, we report two boronic acids, isoquinoline-7-boronic acid (7-IQBA) and phenoxathiin-4-boronic acid (4-POBA), which show strong fl uorescent intensity changes upon sugar binding (Figure 1 ). a These authors made equal contributions.
In addition, 7-IQBA shows very strong intrinsic affi nities for various sugars tested and 4-POBA shows fairly long wavelength fl uorescent emission.
Results and discussion
In our continuing effort to search for boronic acids that change fl uorescent properties, we screened additional arylboronic acids. We were particularly interested in isoquinolinylboronic acids because of our earlier fi ndings that these boronic acids tend to have very high intrinsic affi nities for diols. Thus, we screened 7-IQBA, which showed a 20-fold increase in fl uorescent intensity upon addition of d -fructose, and a 5-to 8-fold increase upon addition of d -mannose, d -sorbitol, and d -tagatose (Table 1 ) . Figure 2 shows a set of typical fl uorescent spectra of 7-IQBA upon addition of various sugars. The fl uorescence of 7-IQBA, however, was insensitive to the addition of d -glucose. This could be due to the low intrinsic binding affi nity of d -glucose with 7-IQBA. Among the other boronic acids screened, 4-POBA was found to emit at a fairly long wavelength (430 nm) and showed very signifi cant fl uorescent changes (decrease) upon sugar binding (Table 1) . Figure 3 shows a typical set of fl uorescent spectra of 4-POBA upon addition of various sugars including d -fructose, d -glucose, d -mannose, d -sorbitol, and d -tagatose. Similar to the situation with 7-IQBA, the magnitude of maximal fl uorescent changes differed depending on the sugar added. However, the magnitude of difference is far smaller for 4-POBA than for 7-IQBA. For example, with 7-IQBA the fl uorescent intensity changes varied from no change ( d -glucose) to a 20-fold increase ( d -fructose). By contrast, the magnitude of changes in the fl uorescent intensity upon sugar addition varied from -72 % to -90 % for 4-POBA.
Next, we determined the association constants for these two boronic acids with various sugars based on the observed fl uorescence intensity changes. The results are summarized in Table 1 . As expected, the binding constants for 7-IQBA follow the same pattern as previously reported boronic acids with sugars: (Springsteen and Wang , 2002 ; Yan et al. , 2004 ; Wang et al. , 2007 ) . d -Sorbitol demonstrated the highest K a value of 1560 m -1 with 7-IQBA. The most noticeable characteristic was the high binding affi nities between 7-IQBA and the monosaccharides tested, which is consistent with other IQBAs reported . For example, the K a value for d -fructose with 7-IQBA was around 1060 m -1 . By comparison, for 8-quinolynylboronic acid (8-QBA), the K a value is 108 m -1 with d -fructose (Yang et al. , 2003 ) . Contrary to other isoquinoline boronic acids, there was no measurable binding between 7-IQBA and d -glucose. Compared with 7-IQBA, 4-POBA can bind d -glucose with a binding constant of 14 m -1 , which is higher than the binding constant of 5 m -1 with d -glucose and phenylboronic acid (Chi et al. , 2008 ; Xu et al. , 2008 ) . The apparent association constant trend for 4-POBA is different from that observed with 7-IQBA, where the binding affi nity of 4-POBA with d -tagatose (522 m -1 ) is higher than that with d -fructose, d -mannose, and d -glucose (373 m -1 , 31 m -1 , and 14 m -1 ).
To better understand the basic mechanism by which the fl uorescence changes occurred, the p K a values of 7-IQBA and 4-POBA in the absence and presence of various sugars (10 mm) were determined in 0.1 m phosphate buffer (pH 7.4). As shown in Figure 4 , the fl uorescence intensities of the boronic acids and their presumed esters changed with pH. Such results demonstrate that fl uorescent properties are associated with the ionization state of the boronic acids or their corresponding esters. For 7-IQBA, there are two ionizable functional groups: the boronic acid group and the isoquinolinyl nitrogen. Therefore, there should be two p K a values. For 4-POBA, there is only one ionizable functional group, which is the boronic acid.
Based on literature precedents, it is reasonable to assume that the ionization steps of 7-IQBA follow route A in which deprotonation of the isoquinolinium nitrogen precedes the hybridization state change of the boronic acid seen in Scheme 1 . By contrast, the ionization of esters of isoquinoline boronic acid most likely follow route B , as previously discussed with similar compounds. Thus, the fi rst ionization step for the esters is the hybridization state change of the boronic ester group, followed by deprotonation of the isoquinolinium nitrogen. It is interesting to note that 7-IQBA and all of its 7-IQBA esters have two emission wavelengths. Therefore, the pH profi les of the fl uorescence intensities were constructed at different wavelengths to obtain the p K a values (Table 2 ). For 7-IQBA only, it was surprising to fi nd that increasing the pH from 2 to 12 induced an 80 % fl uorescence intensity decrease at 378 nm with an apparent p K a value of around 5.5, which was assigned as p K a1 based on comparison with an earlier report . However, when the pH profi les of the fl uorescence intensities were drawn at 344 nm, two approximate p K a values can be obtained: 5.5 was assigned to p K a1 and 7.8 was assigned to p K a2 . As seen in Figure 4 , 7-IQBA itself did not have strong fl uorescence (378 nm) at low pH. At pH 7.4, 7-IQBA existed predominantly in the deprotonated form, which was nearly non-fl uorescent. In the presence of various sugars, the fl uorescence intensities of 7-IQBA increased 17-, 13-, 37-, and 17-fold at 344 nm, corresponding to the addition of d -fructose, d -mannose, d -sorbitol, and d -tagatose. The apparent p K a values were observed as 6.9, 7.4, 6.8, and 6.9, respectively. Based on the data obtained from earlier studies, all of these p K a values were assigned as p K a4 . For the data collected at 378 nm, the second set of p K a values were observed as 4.9, 5.2, 4.1, and 5.1 for the esters of d -fructose, d -mannose, d -sorbitol, and d -tagatose, which could be assigned as p K a3 based on the previous studies. Such results indicate that the p K a value of the boronic acid group is higher in the absence of a sugar and lower in the presence of a sugar. The switching of p K a also correlated with the strong fl uorescence changes at pH 7.4. Thus, it is reasonable to assume that the zwitterionic species 6 is more fl uorescent than the boronic ester ( 5 ). At pH 7.4, 7-IQBA itself existed predominantly in the neutral trigonal-coordinated boron form 1 as the p K a value of 7-IQBA is 7.8. The d -fructose, d -sorbitol, and d -tagatose esters existed predominantly in the boronate form ( 7 ). As the p K a value of the d -mannose ester of 7-IQBA is 7.4, one would expect to fi nd a mixture of the zwitterionic isoquinolinium boronate ( 6) and isoquinolinium boronate forms ( 7 ) at pH 7.4. Overall, 1 and 4 are almost non-fl uorescent, and yet the boronate ester forms 6 and 7 are fl uorescent. Therefore, the binding between 7-IQBA with sugars leads to the fl uorescence increase at pH 7.4. In the case of 4-POBA, it was found that the fl uorescence intensity increased 30-fold when the pH decreased with an ester and d -sorbitol ester also had high quantum yields of 34 % and 28 % , respectively. d -Mannose ester showed a lower quantum yield of 8 % , which was still 4-fold higher than 7-IQBA itself. However, 4-POBA displayed a very different tendency compared to 7-IQBA. The boronic acid had a much higher quantum yield than its ester form. For instance, the quantum yield for 4-POBA was 8 % , whereas quantum yields for the boronate fell below 1 % , consistent with the binding study as shown in Figure 3 where all fl uorescence intensities decreased when bound to sugar.
Experimental
All experiments were performed in buffered media. Buffer was prepared with Na 2 HPO 4 (0.077 mol) and NaH 2 PO 4 (0.023 mol) in dH 2 O (1 L) and adjusted to pH 7.4. Isoquinoline-7-boronic acid and phenoxathiin-4-boronic acid were commercially available from Frontier Scientifi c. Each boronic acid was dissolved to 0.01 m in MeOH and diluted to 50 µ m using 0.1 m phosphate buffer, pH 7.4. Sugars were purchased though Fisher Scientifi c or Sigma-Aldrich and prepared in 0.1 m phosphate buffer, pH 7.4. Excitation wavelengths used for 7-IQBA were 272 nm ( d -fructose, d -glucose, d -sorbitol, and d -tagatose) and 271 nm ( d -mannose). Excitation wavelength used for 4-POBA was 299 nm. Absorbance spectra were obtained using a Shimadzu PharmaSpec UV-1700 UV-Visible Spectrophotometer and UVProbe Software. Fluorescence emission spectra were obtained using a Shimadzu RF-5301PC Spectrofl uorophotometer and RF530XPC Software. Quartz crystal cuvettes were used for absorbance and fl uorescence data accumulation. All pH values were determined using a Fisher Scientifi c Accumet Research AR10 pH Meter. Water used for buffer solutions was purifi ed using a Thermo Scientifi c Barnstead Nanopure fi ltration system. All p K a values were obtained using Systat Software Inc. SigmaPlot 12. Association constants and quantum yields were calculated using Microsoft Excel 2007.
Conclusion
We have determined the fl uorescence characteristics for two boronic acids: 7-IQBA and 4-POBA. 7-IQBA displayed high binding affi nities with different sugars ( d -fructose, d -sorbitol, d -tagatose, and d -mannose). 4-POBA showed a long emission wavelength (maximum 430 nm) and moderate binding affi nities. For d -glucose binding with 4-POBA, the apparent K a value (14 m -1 ) is higher than normal boronic acids with a fl uorescence intensity decrease of 90 % . These results could be very useful in the design and synthesis of boronic acid scaffolds for sensing carbohydrates in biological systems. Scheme 2 Proposed ionization steps of 4-POBA and its ester. The fl uorescence quantum yields of the boronic acids and their esters were determined using isoquinoline-8-boronic acid as a reference and the formula shown below, Eq. [1] (Lakowicz , 2004 ) . Q represents the quantum yield; I is the integrated intensity; R is the control compound; OD is the optical density; and a subscript R denotes the reference compound.
The results are shown in Table 3 . The quantum yields for 7-IQBA and its esters followed the trend d -fructose ester > d -tagatose ester > d -sorbitol ester > d -mannose ester > d -glucose ester > 7-IQBA alone. Sugar complexes had higher quantum yields than 7-IQBA itself. For example, the quantum yield for the d -fructose ester of 7-IQBA was 48 % , whereas 7-IQBA alone was only 2 % , a 24-fold difference. d -Tagatose
